Bioresource Technology 151 (2014) 36-42 



In situ synchrotron IR study relating temperature and heating rate 
to surface functional group changes in biomass 
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. An in situ study by synchrotron based 
infrared beam on biomass pyrolysis. 

i Determination of the loss of the 
surface functional groups with 
temperature. 

i Comparison of the loss of functional 
groups as a function of heating rates. 

. Retention of the surface functional 
groups is higher at higher heating 
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Three types of woody biomass were investigated under pyrolysis condition to observe the change in the 
surface functional groups by Fourier transform infrared (FTIR) technique with increasing temperature 
under two different (5 and 150°C/min) heating rates. The experiments were carried out in situ in the 
infrared microscopy beamline (IRM) of the Australian Synchrotron. The capability of the beamline made 
it possible to focus on single particles to obtain low noise measurements without mixing with KBr. At 
lower heating rate, the surface functional groups were completely removed by 550 °C. In case of higher 
heating rate, a delay was observed in losing the functional groups. Even at a high temperature, significant 
number of functional groups was retained after the higher heating rate experiments. This implies that at 
considerably high heating rates typical of industrial reactors, more functional groups will remain on the 
surface. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Biomass pyrolysis produces the biochar which can be used for 
several purposes such as gasification, soil enrichment and water 
treatment. As pyrolysis takes place in an inert atmosphere, the 
solid biomass decomposes throughout the process. Numerous 
bonds of functional groups present on the surface of the biomass 
produce gaseous and liquid products leaving behind solid char. 
During this process, the characteristics of char can change with 
temperature and heating rate. These operating parameters are 
known to have significant effects on the char properties (Di Blasi, 
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2009). This might also affect the kinetics of the devolatilization 
process depending on fuel type (Kirtania and Bhattacharya, 2012, 
2013). To determine the reaction pathway of cellulose pyrolysis, 
Huang et al. (2013) applied density functional theory to the devol¬ 
atilization process. 

Literature on the loss of the surface functional groups from bio¬ 
mass with temperature is somewhat limited. Min et al. (2011) 
studied corn and wheat straw as feedstock to observe the change 
of the surface functional groups at low heating rate (10°C/min) 
and temperatures up to 800 °C. They observed that at temperature 
higher than 700 °C, all the groups were lost. Rutherford et al. 
(2012) used nuclear magnetic resonance (NMR) and FTIR 
techniques to optimize the char preparation process from cellu¬ 
lose, lignin and pine to produce good quality biochar. They also 
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observed that the initial rapid loss was caused by the aliphatic 
bonds and converted to aromatic carbon. This accompanied the ra¬ 
pid loss of oxygen rather than carbon, but some oxygen remaining 
after short residence time even at high temperature such as 500 °C. 
In another study, Zheng et al. (2013) observed the effect of torre- 
faction on the corncob during bio-oil production using FTIR and 
NMR techniques. The results showed that the oil quality can be im¬ 
proved by restricting crosslinking and charring during fast pyroly¬ 
sis. There are few fundamental FTIR studies to identify the surface 
functional groups present in lignocellulosic biomass. One notewor¬ 
thy work (Marcovich et al., 1996) identified all the functional 
groups observable on the surface of sawdust particles. However, 
this study did not include the loss of functional groups with 
temperature. 

Lignocellulosic biomass can be derived from several anatomical 
parts of wood. Most of the biomass is extracted from the stem 
whereas the residues from the leaves and fruits might be also use¬ 
ful. An in situ study (Siengchum et al„ 2013) examined the surface 
functional groups of coconut shell at different pyrolysis tempera¬ 
ture in a diffuse reflectance infrared Fourier transform (DRIFT) cell 
at a heating rate of 83 °C/min. They suggested a mechanism to ex¬ 
plain the pathway to produce oil and gas from that biomass. 
Another study (Sharma et al., 2004) considered lignin as their feed¬ 
stock to examine the poly aromatic hydrocarbon (PAH) formation 
during pyrolysis. This study implied that a higher lignin content of 
biomass results in higher PAH formation. In an earlier study, the 
same authors (Sharma et al., 2002) examined the changes in the sur¬ 
face functional groups during tobacco pyrolysis. In the case of tobac¬ 
co, the ratio of H/C was found to be decreasing after 300 °C whereas 
the O/C ratio was found to be constant. The variation of the behaviour 
indicates the diversity of biomass. It is noteworthy that all the stud¬ 
ies discussed here were based on lab-based FTIR. Only one study on 
lignocellulosic biomass based on synchrotron based IR beam could 
be found in literature (Yu et al., 2007). This study was performed 
on mapping of wheat seed tissue. It demonstrated the possibilities 
that can be achieved by synchrotron based IR beam. However, the 
study did not involve the pyrolysis process. 

It is well known that laboratory based IR instruments involve 
working with the Potassium Bromide (KBr) disks made from the 
mixture of KBr and crushed particles. The assumption behind these 
experiments is that the particles are uniformly dispersed in the 
disk. Also, the infrared beam is not focussed on any distinct particle 
and thereby, it measures the bulk surface functional groups which 
are the spectral average over several particles. Synchrotron based 
IR beam has the capability to focus on a single particle, larger than 
the beam size, and thereby, obtain precise information about the 
functional groups. So the synchrotron based IR could give the par¬ 
ticle-wise intensity variation in the functional group content which 
might vary as biomass particles are not homogeneous. Moreover, it 
provides the opportunity to observe the visual changes during 
in situ IR measurements with temperature ramping. 

The discussions above leads to this study of in situ assessment 
during pyrolysis of three types of woody biomass to observe the 
changes in the surface functional groups with changing tempera¬ 
ture and heating rate by synchrotron based IR beam. The experi¬ 
ments were performed in the Infrared Microscopy beamline 
facility at Australian Synchrotron. 


2. Methods 

2.1. Biomass samples 

Three types of biomass were used in this study - Norway spruce 
(Picea abis ), wood mix from sawmill and coconut shell. The wood 
mix was dried and crushed to produce sawdust. The coconut shell 


Table 1 

Proximate and ultimate analysis (wt.%) of three biomass feedstocks. 

Coconut shell Spruce Wood mix 

Proximate analysis (air-dried basis) 

Moisture 5.16 

Volatile matter 69.92 

Fixed carbon 24.22 

Ash 0.7 

Ultimate analysis (dry basis) 

C 62.45 

H 6.73 

N 0.43 

S 0.09 

O a 29.6 

Ash 0.7 

a By difference. 


was collected locally in Melbourne and then ground to powder 
form. All the samples were then dried before the experiments. 
The proximate and ultimate analyses of the samples are given in 
Table 1. 

2.2. Selection of FTIR window 

The FTIR window should be transparent enough to allow the 
transmission of most of the beam in its full intensity. Also in this 
particular case, the requirement was for high temperature resis¬ 
tant material as the experiment proceeds to higher temperature 
with time. CaF 2 window was used for these experiments as it can 
transmit almost over 90% of the intensity and it is stable up to 
600 °C (ACO, 2013). A separate CaF 2 window was used for each 
sample. 

2.3. Optical imaging 

A regular microscope was attached to the instrument to visual¬ 
ize the condition of the particles and focus. This microscope cou¬ 
pled with a camera was used to capture the images of the 
particles periodically with changing temperature. 

2.4. Linkam FTIR600 sample stage 

The Linkam heating and cooling stage is flexible with samples 
and can be used either in transmission or reflection mode. Samples 
can be placed within a small chamber in the heating block and con¬ 
tains a 16 mm area for sample manipulation. 

The central aperture through the sample stage is 3 mm in 
diameter. Samples can be either slightly larger than this and self- 
supporting or deposited onto the IR transmitting CaF 2 window 
which is 16 mm in diameter and 0.5-1 mm thick. In this case, 
the samples were powders and therefore, were dispersed on the 
window to measure the transmittance or absorbance. 

To maintain a certain gas atmosphere, there are both gas and 
purge lines attached to the Linkam stage. The gas flows over the 
dispersed particles and removes any volatiles produced during 
the reaction. 

2.5. Synchrotron light source and FTIR microscopy 

The experiments were carried out using the Infrared Microspec¬ 
troscopy (IRM) Beamline at Australian Synchrotron, Melbourne, 
Australia. The IRM beamline combines the high brilliance and high 
collimation of the synchrotron beam with a Bruker V80v FTIR spec¬ 
trometer and a Hyperion 2000 IR microscope to reach high signal- 
to-noise ratios at diffraction limited spatial resolutions between 3 
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and 8 (am. This makes the beamline ideally suited to the analysis of 
microscopic samples. 

Both the microscope and the spectrometer were controlled via 
Bruker OPUS software, version 7.2 including data acquisition, sam¬ 
ple stage position and automated multipoint data collection. Mea¬ 
surements were performed using a narrow-band, high sensitivity, 
liquid nitrogen cooled Mercury Cadmium Telluride (MCT) detector. 
It was optimised for detection and data collection at a wavelength 
range of 3800-900 cm -1 . The aperture was set to ~10 pm x 10 pm 
and the resolution was 4 cm 1 . More details about the facility are 
available on the Australian Synchrotron website (AS, 2013). 

All samples were sieved to a 20-38 pm particle size range. To 
make a single layer of particle on the transparent window, care 
was taken while dispersing. Initially N 2 gas was purged through 
the stage for 10 min. At first, the optical microscope was used to 
identify and select the particles of interest. To obtain more specific 
information, at least four particles were chosen which also served 
the purpose of repeating the measurement. Then an initial image of 
the particles was taken to identify those particles later at an ele¬ 
vated temperature. Measurements were recorded up to 550 °C by 
the infrared microscope to identify the breakage of bonds and 
changes in the surface functional groups. A slower heating rate of 
5 °C/min was selected and the measurements were taken every 
25 °C temperature increase after starting the experiment. As focus 
was changed with temperature, samples were refocussed at each 
step of temperature increase. To observe the condition of the par¬ 
ticles visually, optical microscope was used to capture the images 
of the particles at all the measurement temperatures. After reach¬ 
ing 550 °C, an isothermal step of 10 min was programmed deter¬ 
mining any change with time; before starting the cooling cycle. A 
background spectrum was collected from an area without any 
sample at each measurement point. A flow diagram of the experi¬ 
ments is shown in Fig. 1 . 

To link the weight loss profile with the infrared spectra, com¬ 
plementary pyrolysis experiments in a thermogravimetric analyser 
(Model STA 449 F3 Jupiter®, NETZSCH-Geratebau GmbH, Germany) 
were carried out. The heating rate for the TGA experiments was se¬ 
lected same as the slower heating rate synchrotron IR experiments 
as 5 °C/min. 

For higher heating rates, the surface morphology of the particles 
becomes different (Umeki et al., 2012; Kirtania et al., 2013) from 
the morphology of the particles during the devolatilization under 
lower heating rate. Thus, it affects the functional groups on the sur¬ 
face. For this, the synchrotron IR experiments at lower heating rate 
were repeated at a higher heating rate of 150 °C/min as well 
obtaining the spectra at every 25 °C temperature increase. 

2.6. Data analysis and peak identification 

Spectral data were analysed by deducting the background spec¬ 
trum from the actual spectra by Bruker OPUS 7.2 software. This 
acted as the baseline correction and the peaks were then identified 


and listed based on the literature (Marcovich et al., 1996; 
Siengchum et al., 2013). 

3. Results and discussion 

This study presents a first in situ synchrotron based IR results 
during pyrolysis of three different biomass samples under similar 
conditions. The identification of the peaks was performed based 
on the spectra of these samples at 30 °C and listed in Table 2 for 
comparison. This table indicates the name of the functional groups 
that were available at the surface of the particles before starting 
the in situ pyrolysis and FTIR experiments. 

Woody biomass consists of cellulose, hemicellulose and lignin 
as their building blocks. With temperature increase, these struc¬ 
tural blocks decompose over time. Initially drying takes place up 
to 200 °C. After reaching 200 °C, drastic change in the functional 
groups takes place forming numerous long chain intermediate spe¬ 
cies. Upon increasing the temperature, these intermediate species 
get transformed into gas or liquid depending on the heating rate 
and temperature. These components break down to mostly smaller 
aromatic compounds and other smaller molecules. During this pro¬ 
cess, the surface functional groups of biomass disappear gradually 
in an orderly manner as loosely bound groups (water, some oxygen 
containing groups, aliphatic bonds) would disappear earlier than 
the strictly bound groups (some recalcitrant oxygen containing 
groups, aromatic bonds). 

The intensity of all the functional groups was decreasing from 
the surface of the spruce with increasing temperature at a heating 
rate of 5 °C/min. A few groups that became extinct from the spectra 
were the absorbed water in crystalline cellulose (1660), C-H defor¬ 
mation with CH 2 bonds (1460), some skeletal C-0 (1106) and 
syringyl ring breathing with C-0 stretching from lignin (1315) at 
300 °C. Subsequently, more peaks started to disappear from the 
spectra. With another 25 °C temperature increase, all the groups 
with C-H deformation were lost along with some phenolic O-H 
groups. At 350 °C, the carbonyl group was lost completely. After 
450 °C, only three peaks were visible even though the intensity 
of the spectra was quite low compared to the raw samples. The 
toughest surface functional groups were found to be O-H stretch 
(3564), aromatic skeletal vibration (1569) and aromatic C-H defor¬ 
mation (1015) as they were still visible at a higher temperature. At 
about 500 °C, no further peaks were visible meaning that after 
500 °C, the spruce lost all the surface functional groups at the low¬ 
er heating rate. It should be noted that as the heating rate was low, 
the residence time in the sample stage was significantly long 
(around 100 min). 

As the FTIR readings were taken at different stages of weight 
loss of the particle, a thermogravimetric plot of all the samples 
used is given in Fig. 2, obtained from experiments at the slow heat¬ 
ing rate. It shows that the major weight loss takes place up to 
350 °C. After this temperature, the rate of weight loss becomes 
very low. This agrees with the FTIR measurements that most of 
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Fig. 1. Experimental flow diagram. 
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Peak assignment 


of the IR spectra of different biomass. 


Wavelength Spruce Wood mix Coconut shell Reference 

(cm -1 ) 


3388-3495 

3339-3370 

2903-2938 

741-1752 


O-H stretch 
C-H stretch 


Absorbed water in non-crys 
cellulose 

Ar. skeletal ring vibration 


Syringyl ring breathing with C-( 

stretching (lignin) and CH 2 in 

cellulose 

Phenolic O-H 

Phenolic O-H deformation 

C-O-C stretch 


104-1110 Skeletal C-0 


C-H stretch 
C-0 from carbonyl 


Aromatic skeletal ring vibration 


Phenolic O-H deformation 
C-O-C stretch 


O-H stretch 
C-H stretch 
C-H 
C=0 

C=C stretch 
Aromatic 

C-H deformation 

C-H deformation Symmetric 

Syringyl ring breathing with C-0 
stretching (lignin) and CH 2 in 

C-O-C 

C-O-C 

Assoc. O-H, C-O-H 


Marcovich et al. (1996) and 
Siengchum et al. (2013) 
Marcovich et al. (1996) and 
Siengchum et al. (2013) 
Marcovich et al. (1996) and 
Siengchum et al. (2013) 
Marcovich et al. (1996) and 
Siengchum et al. (2013) 
Marcovich et al. (1996) and 
Siengchum et al. (2013) 
Marcovich et al. (1996) and 
Siengchum et al. (2013) 

Marcovich et al. (1996) and 
Siengchum et al. (2013) 

Marcovich et al. (1996) and 
Siengchum et al. (2013) 
Marcovich et al. (1996) and 
Siengchum et al. (2013) 

Marcovich et al. (1996) 
Marcovich et al. (1996) and 
Siengchum et al. (2013) 
Marcovich et al. (1996) and 
Siengchum et al. (2013) 
Siengchum et al. (2013) 
Marcovich et al. (1996) 


056-1059 Skeletal C-0 

032 Ar. C-H deformation Ar. C-H deformation 


Marcovich et al. (1996) 
Marcovich et al. (1996) 


the functional groups were lost around 350 °C at slower heating 
rate. 

Lignin is known to be the toughest building block of biomass for 
volatile release. It starts to decompose earlier than cellulose and 
hemi-cellulose but the decomposition progresses later than the 
other two. It can be noted that most of the remaining functional 
groups at a higher temperature are from lignin (Rutherford et al., 
2012). Amongst the kinetics of cellulose, hemi-cellulose and lignin 
decomposition, the activation energy of lignin is less than the acti¬ 
vation energy of the cellulose and hemi-cellulose. But the lignin 
survives longer than the other two at a higher temperature such 
as 723 °C (Orfao et al„ 1999; Rao and Sharma, 1998). Moreover, 
due to the aromaticity of lignin char, it is less reactive compared 
to the char produced from cellulose and hemicellulose (Sharma 
et al., 2004). So the aromatic skeletal vibration was remaining in 
lignin for longer time at the highest temperature under this study. 

To assess the effect of heating rate, higher heating rate of 
150 °C/min, the highest heating rate permissible by the instrument 
was used. This took only 3.5 min to reach over 500 °C. With addi¬ 
tional time taken to obtain the spectra at different temperatures, 
the cumulative time was slightly higher than 3.5 min. In compari¬ 
son to the lower heating rate experiments, some functional groups 
retained their existence at higher temperature. Up to 350 °C, only 
two obvious functional groups were completely lost-absorbed 
water in crystals and syringyl ring with C-0 stretching. When 
the temperature was ramped up to 400 °C, two more functional 
groups were lost. At 500 °C, five peaks were still visible (O-H 
stretch, C-O, Ar. Skeletal vibration, some skeletal C-0 and Ar. C- 
H deformation). After 550 °C, only one functional group was left 
(Aromatic skeletal vibration). This provides an indication about 
the effect of heating rate. Even though, the heating rate will be sig¬ 
nificantly higher(Bell et al., 2011) in other reactors, such as in wire 
mesh reactor (up to 1000 °C/s) and in the industrial cases (up to 
10,000 °C/s), these experiments give an indication of the 
consequence of the higher heating rate on functional groups. This 


loss of the functional groups will be delayed in case of higher heat¬ 
ing rate. 

The functional groups were not significantly different in the 
spectra of the other two samples as both of these were derived 
from wood. The wood mix showed slightly different behaviour 
than the pure spruce sawdust. During the slow heating rate exper¬ 
iment, only one group (C-0 from carbonyl) was lost up to 350 °C. 
After 400 °C, six functional groups were lost and at 450 °C, the 
O-H stretch was also lost. Only aromatic skeletal vibration (C-C) 
was observed to be remaining at 500 °C. As before, all the groups 
were lost at 550 °C. A closer observation of both the spectra re¬ 
vealed that the intensity of the spectral peaks were not the same 
even though they were obtained from the same sample. This con¬ 
firmed the non-homogeneity of the wood mix. As a different parti¬ 
cle was chosen for the higher heating rate experiments, the 
spectral peaks were the same but the intensity changed. However, 
this intensity change behaviour was not significantly different 
from the pure spruce sawdust under study. It implies that the 
non-homogeneity of the wood mix was comparable with the 
spruce as far as the infrared spectral intensity of the surface func¬ 
tional groups under concern. In case of the faster heating rate, only 
the absorbed water and syringyl ring with C-0 stretching were lost 
at 400 °C. Some traces of the oxygen containing functional groups 
such as C-O, O-H were found to be retained up to 550 °C. This is 
important in case of subsequent gasification of the char. The oxy¬ 
gen containing groups may affect the reactivity by taking part in 
the reaction. The points of measurement on the rate of weight loss 
curve are identified in Fig. 2b. This graph also agrees with the FT1R 
data in that the weight loss rate became significantly higher after 
300 °C, and then came back to zero after 360 °C when almost all 
the groups containing oxygen and hydrogen became undetectable. 

The functional groups of coconut shell were lost faster than the 
other two samples. By 450 °C, all the functional groups were lost 
from the surface at lower heating rate. The peak heights decreased 
after 300 °C drastically. Even the aromatic skeletal vibration of the 
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carbon bonds was not visible at 450 °C. At higher heating rate, 
some groups were retained up to 550 °C. The groups remaining 
after 550 °C were - aromatic skeletal vibration and C-H deforma¬ 
tion. Fig. 2b shows the rate of weight loss for coconut shell at lower 
heating rate. As evident from the figure, coconut shell lost its vol¬ 
atile components in two stages. The first stage took place between 
200 and 275 °C and the second stage was in between 275 and 
330 °C. The second stage showed highest rate of volatile loss. Even 
though it took two stages of weight loss, it finished earlier than 
both the wood mix and spruce. Also because of these two steps, 
the peaks in the FTIR readings were observed to lose their intensity 
faster after 200 °C than the other biomass. Interestingly, the 


coconut shell retained two functional groups (aromatic skeletal 
vibration and C-H deformation from CH 2 ) at higher heating rate 
but it lost all other groups after 400 °C. 

Table 3 shows the summary of the effect of heating rate on dif¬ 
ferent surface functional groups at different temperature in the 
three biomass samples. As the visual changes of the particles were 
recorded by the CCD camera, the shrinkage of the particles for all 
three samples was evident. The cluster of particles which were 
opaque initially became clear and isolated at 550 °C after pyrolysis. 
Some groups of particles were converted to a distorted single par¬ 
ticle. Though shrinkage is not considered during particle modelling 
of pyrolysis (Bellais et al., 2003), the observation implies that the 






















41 


C-0 



1417-1425 C,W, C,W, W, S 


1215-1228 C,W, C,W, W, S 


W,S 

W,S 


shrinkage might be necessary to be taken into account for robust 
pyrolysis modelling. 


4. Conclusion 

The disappearance of the surface functional groups with tem¬ 
perature was studied using in situ synchrotron IR measurements 
during pyrolysis of three woody biomass up to 550 °C at different 
heating rates. The results confirmed the heterogeneity of biomass 
particles. The results from the higher heating rate experiments 
showed a lag in the release of surface functional groups leading 
to more functional groups retained after pyrolysis. This effect 
should be considered for optimizing the pyrolysis process of bio¬ 
mass, if subsequent use of the biochar through thermochemical 
processing is intended. The experiments demonstrate the useful¬ 
ness of synchrotron IR spectroscopy for pyrolysis investigation. 
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